Objectives. This study investigates the effect of scanning parameters on the accuracy of measurements from three-dimensional (3D), multi-detector computed tomography (MDCT) mandible renderings. A broader range of acceptable parameters can increase the availability of computed tomographic (CT) studies for retrospective analysis. Study Design. Three human mandibles and a phantom object were scanned using 18 combinations of slice thickness, field of view (FOV), and reconstruction algorithm and 3 different threshold-based segmentations. Measurements of 3D computed tomography (3DCT) models and specimens were compared. Results. Linear and angular measurements were accurate, irrespective of scanner parameters or rendering technique. Volume measurements were accurate with a slice thickness of 1.25 mm, but not 2.5 mm. Surface area measurements were consistently inflated. Conclusions. Linear, angular, and volumetric measurements of mandible 3D MDCT models can be confidently obtained from a range of parameters and rendering techniques. Slice thickness is the primary factor affecting volume measurements. These findings should also apply to 3D rendering using cone-beam CT (CBCT). (Oral Surg Oral Med Oral Pathol Oral Radiol 2013; 115:682-691) Three-dimensional computed tomography (3DCT) is increasingly utilized in clinical and research settings to qualitatively and quantitatively characterize normal and abnormal anatomic structures. There has been an evergrowing need to perform 3DCT imaging of the mandible or maxilla with conventional multi-detector (MDCT) and cone-beam CT (CBCT) systems. The development of CBCT has significantly increased the clinical applications of 3D imaging because CBCT can be acquired outside the environment of a conventional MDCT imaging suite while offering lower patient radiation exposure. For example, 3D CBCT has been used to assess the changes in the mandible after orthognathic surgery for mandibular advancement or setback procedures, 1 to evaluate screw placement and fracture alignment during fracture reduction or orthognatic surgery, 2,3 and to develop clinical applications for dental 4,5 and craniofacial imaging.
Three-dimensional computed tomography (3DCT) is increasingly utilized in clinical and research settings to qualitatively and quantitatively characterize normal and abnormal anatomic structures. There has been an evergrowing need to perform 3DCT imaging of the mandible or maxilla with conventional multi-detector (MDCT) and cone-beam CT (CBCT) systems. The development of CBCT has significantly increased the clinical applications of 3D imaging because CBCT can be acquired outside the environment of a conventional MDCT imaging suite while offering lower patient radiation exposure. For example, 3D CBCT has been used to assess the changes in the mandible after orthognathic surgery for mandibular advancement or setback procedures, 1 to evaluate screw placement and fracture alignment during fracture reduction or orthognatic surgery, 2, 3 and to develop clinical applications for dental 4, 5 and craniofacial imaging. 6, 7 Conventional MDCT continues to be routinely used in many institutions to evaluate patients with mandibulomaxillary trauma, sinonasal inflammatory disease, developmental conditions (e.g., midface and mandibular hypoplasia), and neoplastic conditions of the oral cavity, maxilla, and mandible. Despite these documented 3D applications of conventional MDCT and CBCT, there has been no systematic assessment of the specific CT imageacquisition parameters 8 as well as the 3D reconstruction techniques 9 that provide the most accurate linear, angular, volumetric, and surface area measurements. Assessments of 3DCT renderings (MDCT and CBCT) using human body parts, bony remains, phantom objects, and anatomical models have consistently found linear measurements to be statistically accurate, irrespective of CT acquisition parameters. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A limited number of studies comparing CBCT and MDCT have focused on linear measurements, using
Portions of this study were orally presented at the American Society of Head and Neck Radiology's 45th Annual Meeting in September 2011. The abstract is printed in the program manual p. 287. This work was supported by NIH-NIDCD grant R01 DC6282 and NIH-NICHHD Core Grant P30 HD03352. a mostly CT series with manufacturers' recommended scanning parameters. 9, 18, 21 Studies examining volumetric measurements are even rarer, 22 thus, there is a need to systematically extend assessment of scanner parameters and 3D rendering techniques to include angular, volumetric, and surface area measurements from 3D rendered models.
It is important to determine the scanner parameters and the 3D rendering techniques that yield a comprehensive set of accurate anatomic measurements to ensure optimal patient management. Such information will aid research efforts to collect and establish normative data of structures such as the mandible by tapping into rich databases of extant imaging studies acquired for different medical reasons. At present, such use of existing imaging studies in medical records is of questionable validity because the images were acquired using scanner parameters that may not be optimal for visualizing specific structures.
With the overall goal of broadening the application of CT studies to render 3DCT models for diagnostic and research purposes using extant imaging studies, [23] [24] [25] the purpose of this study is to assess the effect of varying MDCT scanner parameters to determine those acceptable for quantitative 3D modeling for preoperative and postoperative 16 planning, constructing accurate prosthetic material, recognizing treatment change with greater accuracy, 8, 19, 26, 27 monitoring normal growth and development, and establishing normative data. More specifically, this study examines a range of CT scanner parameters typically used for oral treatment to determine the optimal MDCT, image-acquisition parameters and 3DCT rendering techniques for securing accurate linear, angular, volumetric, and surface area measurements of the mandible and are representative of anatomic truth (reference standard measurements). Figure 1 displays the 3 mandible specimens and the phantom object scanned in this study. The mandibles (1 child and 2 adults) were obtained from the Anatomy Department at the University of Wisconsin-Madison, where they had been dried and prepared. The phantom object [an acrylic prism made of a synthetic polymer (polymethyl 2-methylpropenoate)] had easily defined edges and was used to confirm methodology of landmarking and measuring the mandibles as described below.
MATERIALS AND METHODS Materials

Landmarks
Landmarks needed to define the various measurements were determined for both the mandibles (Figure 2 ) and the prism. The mandibular landmarks placed on the 3DCT rendered models are depicted as circular nodes ( Figure 2 , Table I ). All linear and angular measurements, using the predetermined landmarks, are listed in Table II . The prism's landmarks were its clearly defined edges, corners, and planes. An experienced researcher placed all landmarks.
Reference standard measurements
Measurements representative of the anatomic reference standard (linear, angular, volume, and regional surface area) were obtained directly from the dry mandible specimens and the prism and compared with measurements from their respective 3DCT models (Table II) . Using an electronic digital caliper with an LED display (KURT Precision Instruments, Minneapolis, MN, USA; resolution AE .01 mm) and a digital angle rule (GemRed, Guilin, Guangxi, China; AE.3 accuracy), the same researcher measured the dry mandibles and the prism on 3 different dates, each 1 week apart. The mean of the 3 measurements was used as the reference standard, against which all software-generated measurements from the 3D rendered models were compared (Table III) .
Volumes of the mandibles and prism were established by 3 separate water displacement trials, in which each mandible was covered with a thin layer of an adhesive plastic sheet (to prevent water seepage into the alveolar bone and foramina and hence minimize the potential of underestimating water volume displaced on Table I: (1) gonion, (2) condyle lateral, (3) condyle superior, (4) coronoid process, (5) mental foramen, (6) dental border posterior-on lingual aspect, and (7) gnathion. The mental symphysis and ramus are also labeled. subsequent trials), and then submerged in water. Water displacement was measured with a calibrated 25-mL graduated cylinder for a total of 3 trials per mandible, and the mean of the 3 measurements was used as the reference standard. Due to the irregular shape of the mandible, the reference standard for surface area was limited to a defined triangular region on the lateral side of the mandible defined by 3 measurement landmarks (Gn, GoLt, CdLaLt), shown in Figure 2 and defined in Table I . Surface area was measured by applying clear graph paper along the curvature of the mandible specimens and calculating its area. The total surface area of the prism was calculated directly using the digital calipers. As described above, the mean of 3 surface area measurements was used as the reference standard for the mandible, and for the prism.
Image acquisition
The 3 mandibles and the prism were scanned using a General Electric LightSpeed 16 MDCT scanner (General Electric Medical Systems, Milwaukee, WI, USA) with a tube voltage of 120 kV and an effective tube current of 105.0 mAs. The beam collimation was 10 Â .625 mm. All mandible CT scans were acquired with a 512 Â 512-mm matrix, and with scanner parameters in 18 combinations of reconstruction algorithm, field of view (FOV), and slice thickness as specified in the next paragraph. All images were saved in DICOM (digital imaging and communications in medicine) format for the subsequent step of loading the different image series into Analyze 10.0 (AnalyzeDirect, Overland Park, KS, USA) for 3D rendering. Because water has a value of 0 Hounsfield Units (HU), the mandibles and the prism were scanned in 1.5 L of water to provide soft tissue-equivalent attenuation and to provide a baseline to quantify the reconstruction process.
The image acquisition plane traveled from the mental symphysis to the condyles (see Figure 1 ). The mandibles were not sealed during scanning, as water density inside the mandible more closely simulates the density of living human mandibles. The following scanner parameters and variables were used: (a) Reconstruction algorithm using the 3 options available (Soft, Standard, BonePlus e the selected algorithm greatly affects the quality of tissue detail and has been reported to alter the volume measurements of 3D models of phantom objects) 28, 29 ; (b) FOV set at: 16 Â 16 cm, 18 Â 18 cm, or 30 Â 30 cm e FOV directly defines pixel size and in-plane image resolution, which can affect volume measurements; and (c) Slice thickness of either 1.25 mm or 2.5 mm to determine whether image series with these slice thicknesses yield accurate volume averaging.
The prism, with its clearly defined borders and smooth surface, was scanned with the same CT scanner as the mandibles to authenticate this study's protocol for linear, angular, volumetric, and surface area measurements, however, scanning parameters more appropriate to its size and density were used and included: slice thicknesses of 0.625 mm, 1.25 mm, and 2.5 mm; FOV 14 Â 14; and 2 reconstruction algorithms (standard and BonePlus e because the prism is of uniform and homogeneous density greater than the range of soft tissue). Only a single FOV was used. This was because measurements from the 3 FOVs used for mandible 3DCT renderings revealed no significant differences (analysis of variance, ANOVA [F(2, 51) ¼ 0.012, P ¼ .988]), a finding similar to those of a previous study. 30 Rendering 3D segmented models Each series was rendered as 3D computer models in the software package Analyze 10.0 (AnaluzeDirect, Inc., Overland Park, KS). Two rendering techniques were Figure 2C . used: volume render (VR) and volume of interest (VOI). VR provides a gradient-shaded opaque model from a volume data set and produces clear surface detail and 3D relationships. 9 VOI defines an object surface overlay and assembles the slices into a visual model. VOI was performed by applying an automated segmentation threshold (VOI-Auto) to each DICOM image and was manipulated manually to define the mandible surface overlay on the images post-thresholding (VOI-Manual). Thus, each series was rendered into 3DCT computer models using VR, VOI-Auto, and VOI-Manual.
The selection of an appropriate window for thresholdbased segmentation on image intensity is essential to modeling as it defines the data available for visualization and measurement. The VR, VOI-Auto, and VOI-Manual models were segmented with a global thresholding range of 150-3071 HU for all 3 mandibles. The advantage of using a global threshold range is that only 1 parameter is estimated in segmentation, and when applied to all imaging studies, it eliminates observer-specific threshold values and makes differences in measurement less subject to variation. 18 The minimum HU value was at a density level below the density of cortical osseous tissue, but was necessary to encompass the range of cancellous bone for accurate 3D reconstruction 31 and is the same as has been previously used. 9 The maximum HU value is the number recommended for optimal 3DCT measurement accuracy 12, 31 and met the need to include all voxels representing tooth enamel. This was verified by using the Probe Tool of eFilm 3.1.0 (Merge Healthcare, Milwaukee, WI, USA) while viewing the DICOM images. A global threshold range of (50-250 HU) was applied to the prism to maximize border alignment of the segmentation process with the DICOM images. This selective thresholding range for the prism gave a more accurate segmentation of the object and allowed landmarking to be done with fewer inherent sources of error.
All 3 mandibles were rendered in 3D. This was done using all experimental combinations of the 3 reconstruction algorithms (Soft, Standard, and BonePlus), 3 FOVs, and 2 slice thicknesses. This yielded 18 CT series of each mandible, with each series rendered under 3 different techniques (VR, VOI-Auto, and VOIManual). This resulted in a total of 54 models per mandible and a grand total of 162 mandible models. The prism was scanned with 2 reconstruction algorithms (Standard and BonePlus), 1 FOV, and 3 slice thicknesses, and then rendered in all 3 techniques for a total of 18 prism models.
3DCT model measurements
Using the Fabricate tool within Analyze, the landmarks were digitally placed on each of the mandible models rendered. This tool displays a 4-panel window containing sagittal, axial, and coronal reconstruction views of the DICOM data in addition to the corresponding model. The digital landmark placement protocol improves measurement accuracy by an average of 98% as measured by reduction in error variability. 32 Using the placed landmarks, linear and angular measurements (Table II) were recorded for each 3DCT model (n ¼ 162). All 2-dimensional measurements were taken as the shortest possible distance between landmarks through all spatial planes. The protocol for landmarking and measurement was an adaptation of the methodology of several studies. 10, 17, 31, 33, 34 Volume measurements for each rendering were secured as automated calculations within the Sample Options tool of Analyze. Regional surface area measurements of the mandible were performed with the Area Measure tool of Analyze. The same region that was defined on each of the dry mandible specimens was defined digitally on each model using the pre-defined landmarks (Gn, GoLt, CdLaLt). The prism total surface area was digitally calculated in the Sample Options tool within Region of Interest in Analyze.
Statistical analysis on 3DCT model measurements
To assess the accuracy of 3DCT measurements, all measurements described above were compared with their respective anatomic reference standards by calculating the average absolute relative error (ARE) as defined in the following formula 32 :
The ARE was calculated separately for each rendering technique, and for each of the 3 scanning parameters. An ARE 0.05 (which reflects an average difference of less than 5% between anatomical and digital measurement and is a commonly acceptable standard by most studies) [35] [36] [37] was considered to be acceptably accurate for this study. Standard deviations (SDs) of ARE were calculated using the sample SD equation by dividing the sum of squares by 1 less than the number in the sample.
To assess for statistical significance on measurement differences, the software package for statistical analysis (SPSS, 2010; referred to as Predictive Analytics SoftWare PASW Statistics v. 18.0.2; SPSS Hong Kong Headquarters, Quarry Bay, HK) 38 was used to perform either univariate ANOVA for testing 3 variables simultaneously or the t-test for 2 variables. This approach follows the framework established by a study on measurement error, to ensure measurement consistency. 32 To test for volume measurement differences among the 3 windows of FOV, univariate 
RESULTS
Measurements were secured from the 3DCT rendered models specific to the different scanner parameters manipulated (reconstruction algorithm, FOV, and slice thickness), as well as the 3D volume rendering technique (VR, VOI-Auto, VOI-Manual). These measurements were comparatively assessed for each experimental parameter and compared to anatomic reference standard values using ARE and statistical analyses. When linear and volumetric measurements for the mandibles were separated by FOV, the relative error (shown in Table IV , FOV column) remained within the experimental threshold for accuracy. This implies that FOV in the range typically used for patients does not affect measurements from resultant 3DCT rendered models as notably as other parameters. Furthermore, there was no significant difference in volume measurement found between the 3 windows of FOV as tested by univariate ANOVA [F(2, 51) ¼ 0.012; P ¼ .988]; therefore, the prism was scanned with only 1 FOV to save time in scanning and modeling.
Table IV also shows that the ARE for all linear measurements are 0.05 for the mandible specimens, and 0.013 for the prism, irrespective of rendering technique or scanner parameter. This indicates general similarity between 3DCT linear measurements and reference standards and is exemplified by the Mand1e Child measurements in Figure 3 , with horizontal lines depicting the reference standards. Even when there is a wide spread for select measurements in the box plot, paired t test comparisons showed the measurements from 3D models did not differ significantly from the reference standard [VR measurement for left mandible length (LML), P ¼ .699].
The results for volume measurements are summarized in Table V and Figure 4 . Findings summarized in Table V indicate that the VOI-Manual rendering technique produced 3DCT volumes closest to anatomic reference standards across all 3 mandibles. This was expected, as any imperfections in border definition from thresholding in VR and Auto-VOI surface overlays were found and user-corrected. VOI-Manual differed significantly from both VOI-Auto and VR only for the case of Mand1eChild [F(2, 34) ¼ 10.763; P ¼ .005].
Volumetric results for the 3 reconstruction algorithms (BonePlus, Soft, Standard) were also compared to each mandible's anatomic reference standard. As summarized in Table IV , the BonePlus algorithm generally produced the most accurate 3DCT models across all 3 mandibles. The Standard and Soft algorithms had inflated volumes for the adult mandibles, most likely due to their poorer image precision and outward distortion of edges. Although the Standard and Soft algorithms did not perform as well as BonePlus, there were mandible-specific results where the Standard reconstruction algorithm did not significantly differ from the reference standard for Mand1eChild using the t-test (t ¼ 2.083; P ¼ .053).
As for volumetric measurements based on imaging slice thickness, only the 1.25-mm slice thickness for the mandibles produced an ARE 0.05, but the slice thickness parameter did not alter the volumetric measurements of the prism (ARE for each slice thickness ¼ 0.021, 0.021, and 0.033). Threedimensional CT volumetric measurements using the 1.25-mm slice thickness yielded small AREs irrespective of rendering techniques or other scanner parameters and variables. Closer examination of volumetric ARE (summarized in Table V), using the 1.25-mm slice thickness revealed that 7 of the 9 groups produced an ARE 0.05. The remaining 2 groups of 1.25-mm data approached this threshold (ARE ¼ 0.054 and 0.056). In marked contrast, no groups scanned with 2.5-mm slice thickness produced acceptable measurement accuracy, indicating that the selection of slices 2.5 mm or thicker is likely to result in higher error for volume measurement. These findings indicate that, in general, thinner scan slices yield volumes closer to anatomic reference standards. However, for the prism, Surface area measurements for both the prism and the mandibles exhibited a high degree of relative error and SD irrespective of scanner parameters or rendering techniques; this indicated that all surface area measurement were below the acceptable level of accuracy (Table III) .
DISCUSSION
The primary objective of this study was to use different rendering techniques and determine the range of CT acquisition parameter settings that provide accurate linear, angular, volumetric, and surface area measurements for 3DCT reconstruction of bony structures like the mandible. Linear measurements were shown to be accurate for all scanning parameters examined irrespective of rendering technique. Volume measurements were shown to be accurate for thicker slices (1.25 mm) than normally used for modeling (0.5-0.625 mm), but not for slices as thick as 2.5 mm. Surface area measurements did not meet the experimental threshold for accuracy for the parameters examined here.
MDCT was used for evaluation because of its documented high spatial resolution, contrast resolution, and signal-to-noise ratio. 21, 39 Because 3D reconstruction is a post-processing technique that can use either MDCT or CBCT data, the factors that improve 3D image quality and measurement accuracy should be identical, as long as the radiation dose is not so low that the signal-to-noise ratio is compromised; therefore, the acquisition parameters of slice thickness, reconstruction algorithm, and FOV on 3D rendering, as investigated here, should apply equally to CBCT. Given the increasing clinical use of CBCT imaging, a formal and systematic investigation of CBCT is warranted, and can be guided by the acquisition parameters used here.
For bony craniofacial structures like the mandible, the manufacturer's suggested scanning parameters [commonly defined as a bony reconstruction algorithm (e.g., BonePlus, B50, B70) and a minimized FOV] produced accurate 3DCT linear measurements, in agreement with published studies. 10, 12, 13, [16] [17] [18] [19] [20] Imageacquisition parameters outside the manufacturer's suggested settings for segmentation technique, reconstruction algorithm, FOV, and slice thickness did not measurably alter the accuracy of linear measurements (0.031 ARE 0.036).
As has been reported previously, slice thickness had the most profound effect on the accuracy of 3DCT volume measurements. 30 Thinner slices allow less partial-volume averaging and greater image quality for detail. 40 For all 3 rendering techniques, volumetric measurements from 3DCT renderings were of acceptable accuracy at 1.25-mm slice thickness (0.047 ARE 0.050), but not at 2.5 mm. A major purpose of this study was to quantify the acceptability of commonly In contrast to linear and volume measurements, surface area measurements did not produce acceptable levels of accuracy for the mandibles, and were considerably inflated. The object overlay method to segmentation done in VOI exhibited visible stair-step artifacts around the surfaces of the classified regions, as described by others, 9, 41 and this may contribute to the inflation of measured surface area. It is possible that the thinner slices (<1 mm), like those commonly used for clinical 3D rendering, may reduce surface area measurement errors. As expected, the prismdwhich lacks the curvature and contour of the mandibled produced surface area measurements closer to its reference standard, but these measurements strayed farther from the anatomic reference standard with increasing slice thickness.
Accurate methodology is critical for measurement reliability and to quantify changes over time. The rigorous protocol used in this study for landmarking ensured the reproducibility of landmark placements and thus the resultant measurements were only minimally influenced by software user error. A limitation of this study is that the findings from a single scanner and volumetry program may not be directly applicable to other scanners, packages or rendering platforms. More specific acquisition parameters like pitch, scanner current, increment, beam collimation, and additional degrees of reconstruction algorithm may also be investigated for their effect on resultant 3DCT volume data modeling in future studies. In addition, the experimental design did not allow in situ measurements from actual patient mandibles; such measurements may differ from measurements obtained from bony remains. A major strength of this study is that the placement of digital landmarks were on 3DCT renderings instead of physical landmarks affixed to the mandible specimens. 42 This simulates analyzing patient scans in clinical and research settings, where there is no prepared specimen or pre-identified anatomy. 43 Findings based on scanner parameters should be applicable to CBCT though formal and systematic assessment is warranted.
Three-dimensional CT can provide images of the osseous skeleton of the face and mandible. Additional investigations are needed to determine appropriate acquisition parameters and 3D rendering methods for other bony structures in the head and neck region, as well as for structures containing air or soft-tissue components. More universal parameters may make it possible to create acceptably accurate 3D images for research purposes and treatment planning from a wide range of CT scans obtained with different acquisition parameters. Broader parameters would allow retrospective analysis of extant patient images for purposes beyond those of the original scan, such as to establish normative growth data and the relational growth of different structures (e.g., mandible and hyoid bone). This study has contributed to the establishment of a wider range of acceptable acquisition parameters and rendering methods, which will enhance the value of 3DCT in both research and clinical settings.
